We present experimental and finite-difference time-domain simulation results on the tunability of optical resonant modes of spiral microtube cavities, rolled-up from square patterned SiO / SiO 2 thin nanomembranes on glass substrates. The peak positions of resonant TM modes shift to lower energies by coating the microtube wall with Al 2 O 3 monolayers, which is well described by simulations. Moreover, a second group of tunable resonant modes appears beyond a certain critical thickness of the coated Al 2 O 3 . The polarization of this group of modes is TE, as we find out by a detailed analysis of the polarization-dependent photoluminescence spectra.
Optical microcavities are receiving increasing attention owing to their potential applications ranging from biosensing devices [1, 2] , integrated optofluidics [3] , micromechanical vibration sensors [4, 5] , and solid-state quantum electrodynamic experiments [6] . Among different techniques used to obtain resonant optical microcavities of varying shapes and dimensions [6] [7] [8] [9] [10] , the method of releasing and rolling up strained nanomembranes on polymers [11] allows a cheap and easy way to fabricate tubular optical cavities of various materials with deterministic diameters of a few micrometers and nanoscale wall thicknesses. These cavities have been shown to bear optical resonant modes in the visible [11, 12] and infrared range [10] , where the wavelengths of the modes are much larger than the tube wall thickness. However, there have been a few reports about the dependence of optical resonant modes on the wall thickness of hundred nanometers or less [10] [11] [12] . Rolled-up microtubes, characterized by thin walls and hollow geometry, may find applications as refractometers [13] for bioanalytic on-chip devices [14, 15] or optofluidic microlasers [16] . This is due to a wall that is generally thinner than the wavelength [17] , resulting in the inner medium strongly interacting with the evanescent field. Yang et al. recently showed that post-fabrication tuning of the resonant modes of silicon photonic crystal microcavities can be achieved by atomic layer deposition (ALD) [18] . This method forwards a promising way to tune the optical modes of rolled-up microtubular cavities with varying wall thickness.
In this Letter we investigate a method to tune the spectral positions of the resonant modes from thinwalled rolled-up microtubes on a glass substrate.
Stepwise one-by-one monolayer (ML) coating with SiO and SiO 2 bilayer nanomembranes are deposited with a thickness ratio of 1:4 onto a patterned photoresist (used as a sacrificial layer) on glass substrates, following a fabrication method previously described in detail [11, 14] . Microtubes are uniformly coated with Al 2 O 3 using ALD (Savannah 100, Cambridge NanoTech Inc.) One monolayer of Al 2 O 3 coated by ALD at 80°C is approximately 0.9 Å in thickness, which is calibrated by atomic force microscope (AFM, Digital Instruments DI3100). The optical properties are investigated by micro photoluminescence (-PL) spectroscopy at room temperature [13, 14] .
The tube diameter can be tuned by changing the layer thickness and strain [11] , while the number of rotations of the nanomembranes can be controlled by predefining the size and shape of the sacrificial layer [14] . We employed square patterned shapes [see scanning electron microscopy (SEM) image in the lower right inset of Fig. 1(a) ] and an angled deposition method [11] . The microtubes can be fabricated on a large variety of planar substrates such as glass [see upper inset of Fig. 1(a) ]. Because of the transparency of glass, these microtubes can be directly used in biological analysis systems [15] . The microtube diameter increases with increasing thickness of the SiO / SiO 2 bilayer t [Fig 1(a) ] [11] . Since light leakage losses are expected to increase with decreasing t, we carried out PL measurements on rolled-up tubes with different diameters, to determine the lower limit of t, for which resonant modes can still be observed. Figure 1(b) displays four typical spectra collected from tubes with t and diameters indicated in Fig. 1(a) . When t increases, the resonant modes become more pronounced and the free spectral range (FSR) decreases. On the contrary, when the tube wall is reduced, light diffraction can dominate the mode propagation in the tube wall, leading to the light confinement and corresponding resonant modes becoming practically unobservable. In our case, we can only see very weak modes when the layer thickness of the rolled-up tube is thinner than 27 nm.
We now focus on a tube rolled-up from a layer with t ϳ 39 nm (noted as III in Fig. 1 ) and a diameter of about 7 m to study the dependence of mode spectral position on the wall thickness, which is controlled by Al 2 O 3 ML-by-ML coating using ALD. A crosssectional view of a spiral microtube before and after ALD coating is schematically shown in Fig. 2(a) , which indicates that the deposited material is coated on both the inner and outer surfaces of the tube. We measure the PL spectra at the same point on the microtube after each coating step, shown in Fig. 2(b) . The shift of optical modes to lower energies is labeled by the solid circular and empty triangular markers. We see that the mode positions can be smoothly shifted (see also Fig. 3 ) over a wide spectral range, larger than the FSR; demonstrating that ALD of Al 2 O 3 can be used to coarse and fine tune the properties of optical resonators after their fabrication. After 210 ML coating, new shoulder peaks start to be resolved [see filled triangle markers in Fig. 2(b) ], exhibiting also a simultaneous energy shift, which we will discuss later.
In Fig. 3(a) , we show a series of PL spectra of the microtube with Al 2 O 3 coatings of up to 100 ML (the normalized peak intensity is color coded). An average redshift of 33 meV is clearly measured for all modes. We observe that modes with lower energy present a slightly smaller absolute energy shift. For instance, the modes initially located at 1.86 (2.08) eV shift by 31.6 (35.1) meV after coating with 100 ML Al 2 O 3 . This effect can be deducted from the resonance condition n eff l = m, where n eff is the effective refractive index of the tube wall, l is the tube circumference, m is the azimuthal mode number, and is the wavelength corresponding to the mode number [10] . The differential between the energy and the effective refractive index, that is, the change of peak energy after coating the microtube, can be calculated as dE /dn eff =−E / n eff . In agreement with the experimental results in Fig. 3(a) , we obtain a negative slope (decrease of E for increasing n eff ) and observe that higher energy modes display a larger absolute shift with the same coating thickness (i.e., the change of n eff .) The physical meaning of this larger shift can be qualitatively understood if we note that a higherenergy mode corresponds to a larger m (i.e., more nodes for the corresponding resonant mode) [17] and thus is more influenced by the Al 2 O 3 coating. [14] . Because of lower diffraction and known polarization geometry [17] , a TMpolarized source is used for simulation. Refractive indices of SiO 2 , SiO, and Al 2 O 3 measured by ellipsometry are 1.45, 1.55, and 1.63, respectively, and are used as input parameters in our FDTD simulation. A satisfactory agreement is obtained between simulation and experiment, which well reproduces the redshift of the modes, as presented in Fig. 3 .
Finally, we discuss the shoulder peaks in Fig. 2 (b) (filled triangles). Since previous results attribute the resonant modes to strongly linearly polarized light along the tube axis (TM modes) [10, 12] , we performed polarization-dependent PL measurements by means of a rotating achromatic lambda half-wave plate and a fixed Glan-Thompson polarizer placed in front of the spectrometer [see diagram in Fig. 4(a) ]. The obtained results are shown as a color-coded intensity map in Fig. 4(b) , where 0°/90°indicate light emission linearly polarized parallel/perpendicular to the tube axis. We see that the spectra in Fig. 4(b) resolve the shoulder peaks at 90°, while the main peaks are remarkably suppressed. Figure 4(c) shows the average PL peak-to-valley ratio as a function of the rotation angle for the two selected peaks around 2.07 eV in Fig. 4(b) . The main peak has a maximal intensity at 0°and a minimal intensity at 90°, while the shoulder peak shows the opposite behavior. Thus, the two groups of peaks can be assigned as TM and TE modes owing to their perpendicular polarization. As expected, the large diffraction loss of TE modes [14] is reduced when the tube wall becomes thicker, allowing the microresonator to simultaneously support both TE and TM modes.
In summary, we fabricated microtubular resonators on glass substrate by releasing prestressed silicon oxide bilayer structures and found that the tube diameter is directly controlled by altering the thickness of nanomembranes. The spectral position and polarization of the modes can be smoothly tuned in a wide spectral range by Al 2 O 3 coating, which can be well described by FDTD calculations. The fine tunability, which is essential for realizing optical microdevices, brings a better understanding of the resonant modes in microtubular cavities, suggesting that the microtubes could be used in potential applications for on-chip components like filters and sensors.
19. See the definition in [17] . Fig. 4(b) ; the TE mode intensity has been amplified four times for the sake of clarity.
